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ABSTRACT

Measurements of the turbulent boundary layer (TBL) wall pressure

spectrum and the facility's propagating acoustic field were conducted in
the Boundary Layer Research Facility. ýýerin_____tunnel). of the Applied "

Research Laboratory at The Pennsylvania State Univeriiy.ubminiature,

piezo esistive-type pressure transducers were used, .f or these
measurements. - *a-d calibration of the pressure transducers was Per~crweJ .*

_-.. efidte(e using a standing wave tube. Measured sensitivities of the

transducers were within 0.5 dB of factory specifications and measured

phase differences between individual transducers were insignificant. The 7B L

-turbuterdboun,•d4•-4fp wall pressure spectrum was obtained using a novel . .

signal-processing technique that allowed a minimization of both acoustic

and vibration-induced noise. This technique uses pairs of transducer

difference signals from an axisymmetric array of three flush-mounted

pressure sensors and permits ch'tancellation of the propagating acoustic
and vibrationally induced pressure fields. A measurement invo!ving the

coherence function between these transducer signais was shown to validate
- -.-

the measured TBL wall pressure spectra and all assumptions used in'*he-• de•Opi ?.

_..- -developme!t op the measurement technique, Non-dimensionalized spectra

of the TBL fluctuating wall pressure measured in this investigation are

compire.d to those measured 2 previousWstigt-iens.. -- These

comparisons 4 iave' substantiated a maximum, normalized transducer

diameter for the complete resolution of the higcj0-frequency part of the TBL

wall pressure spectrum. In this study, using glycerine as the working fluid,

the transducer diameter is less than fwur-4Ywall units, a factor of nine :,

,6),smaller than ever before achieved.
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M transducer sensitivity. Volt/jpPa
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u'i(t) local time varying measured acceleration levels
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e usual angular coordinate
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Chapter I

INTRODUCTION

1.I Turbulence-Induced Pressure Fields

The pressure induced by boundary-layer turbulence has generated much

concern, arising primarily from the unsteady loads it Induces on flexible

panels and the noise that it radiates (due to pressure fluctuations in the

fluid, or indirectly from panel vibration). Panel vibration is driven by the

spatially integrated turbulent boundary layer (TBL) pressure field, weighted

against the structure's response function, so that the integral scales of the

pressure fluctuations are important measures of boundary layer turbulence.

Essentially, the correlation area of the pressure producing turbulent eddies II

determines the mean-square level of the applied force field.

The subject of wall pressure fluctuations beneath turbulent boundary

layers has been extensively studied [for reviews see Corcos (1964), Haddle
and Skudrzyk (1969), and Willmarth (1975)]. From these analytical andIi
experimental investigations, it is now widely accepted that the energy wnZ•

associated with TBL wall pressure fluctuations is distributed over wide

frequency and wavenumber ranges. Three distinct wavenumber regions of

the turbulent pressure fluctuations have been identified; they are, in order

of increasing wavenumber, the sonic, low wavenumber and convective

regions, respectfully.

The lowest wavenumber region (longest wavelengths) of the TBL

pressure fluctuations consists of wavenumbers less than and equal to the

sonic wavenumber (kW /c) of the fluid, where w is the radian frequency and

c, the sound speed in the fluid. This pressure field, although very weak,

radiates as true sound and is caused by the interaction of the turbulence
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with Itself. Many investigators have addressed this sound field with majoir

contributions from Lighthill (1952, 1954), Haddle and Skudrzyk (1969). and

Tam (1975). A few of the many other experimental studies of this

TBL-induced sound field include Nishietal.(1970), Skudryzk and Haddle

(1960), Meecham (1965), Vecchio and Wiley (1973) and Lauchle (1976).A,

Wall pressure fluctuations at wavenumbers greater than sonic

wavenumber (k) and smaller than the convective wavenumber (kC:i.Uo_

where Uc is the convection velocity), describe the low wavenumber region

of the TBL pressure fluctuations. It is presumed that large-scale coherent

motions in the TBL are characterized by bursts and sweeps of turbulent

energy and contribute significantly to the pressure fluctuations in this low

wavenumber region (e.g., Kline etal. (1963). and Blackwelder and Kaplan

(1976)). Although comprising a very small portion of the total TBL's

wavenumber-frequency spectral energy it is thought that these large-scale

motions in the TBL are major causes of excessive structural fatigue

Analytical models for the pressure field at these lOw wavenumbers are

given by Chase (1980), Mlaestrello (1965,1967), and Wetting (1976).

Extensive measurements of the wall pressure fluctuations in this low

wavenumber region dO not exist because of the inherent experimental

difficulty with such measurements. For example, spatial filters are needed

to eliminate both very low and nigh convective wave contributions.

Farabee and Geib (1976), Willis (1970), Blake and Chase (1971), and Martin

and Leehey (1977) have performed some of these measurements; however,

reasonable agreement between experimental results and theoretical

predictions are less than satisractory.

The final region of the TBL wavenumber spectrum consists of !4'

wavenumbers that lie in a narrow ridge, centered about the convective

.'S

- -. . . . .. . . . . . . . . . . . . .
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wavenumber (kc) of the flow. Pressure fluctuations in this convective

region arise from the interaction of the turbulence and the mean shear.

Current models suggest that this region is composed of the dominant TBL

fluctuating energy and comprises the major part of the r.m.s. wall."'"

pressure. This so-called "convective ridge' energy arises because

small-scale turbulent motions within the TBL convect over a surface at a

preferred convection velocity (typically 0.7 to 0.8 times the free-stream

velocity). However, these small-scale eddies are correlated for very '7hort

distances arid decay due to the viscous damping effects of the flui(l. In

fact, the distances that these pressure producing eddies convect is directly

proportional to their size. The pressure field along this convective ridge

has perhaps received the most attention, beginning with the theoretical

modeling by Kraichnan (1956a, b). Wlllmarth (1975) gives an account of tne

most significant contributions to this area.

Although the energy contained in this pressure ridge dominates the

wavenumber-frequency spectrum, its accurate measurement over a wide

frequency range is not a trivial matter. Early experimental studies,

particularly those of Willmarth (1956) and Corcos (1963,1964) recognized

the necessity of "small* pressure transducers in conducting TBL wall

pressure fluctuation measuremgnts. The convective domain is primarily

dominated (spatially) by small-scale eddies. Therefore, finite-sized %'*'•

pressure sensors--which average over space--need to be at least as small

as the smallest eddies; otherwise, an attenuation of the high-frequency

(small wavelength) spectral contributions (particularly those in this

convective ridge) will occur. Kolmogoroff (see Hinze, 1959. for

discussion) deduced both length and velocity scales for these smallest

eddies. He found that the size of the smallest eddies is inversely

%I.. -

__ -•-.•.•..
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proportional to the 1/4th power of the dissipation rate of turbulent

energy. Conversely, he found that the velocity scale Is directly

proportional to the 1/4th power of this same dissipation rate. Therefore,

by combining these two quantities in a Reynolds number fashion it is easily

demonstrated that these smallest eddies scale as u/uh, where u is the

kinematic viscosity and uV is the friction (or shear) velocity. Emmerling

(1973) was the first investigator to verify experimentally that the N

smallest scales of the turbulence are indeed the same order as the viscous

length scale M/ut. The parameter that most accurately describes the

degree of spectral resolution for a given wall pressure measurement is

therefore, d+=u,.d/u, where d is the pressure transducer's active diameter.

Clearly, d* must be of order one to resolve the smallest scale pressure

fluctuations. e.g. Emmerling (1973).

As stated, many of the early wall pressure fluctuation measurements

[Willmarth (1956), Willmarth and Wooldrldge (1962), and Bull and Willis

(1961), among others] suffered from transducer spatial averaging problems.
In order to alleviate these problems, Corcos (1963) developed a correction •.•-
factor that could be applied directly to the measured TBL spectral levels.
Corcos' correction factors, however, were based on the similarityion

parameter or/Uc (where r=d/2) and not on da. In another investigation _

Blake (1970) customized an 1/8-inch condenser microphone by placing a

cap, perforated with an 1/32-inch diameter hole over its center. With this

type of approach, Blake hoped to resolve the high-frequency part of the TBL

wall pressure spectrum. Blake's results clearly indicated that the TBL

pressure fluctuations contained a larger frequency content (smaller scale

pressure fluctuations) than what had been measured previously. However,

the effect of the hole on the TBL wall pressure spectrum was not clearly

"•?,.7

•. 
de. .o ,
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understood. That is. was the observed higher frequency content of the TBL

wall pressure spectrum attributed to the pressure fluctuations in the TBL

or, was it due to some other anomalous contribution from the pin-hole.

Bull and Thomas (1976) later addressed this question by comparing the TBL

wall pressure spectrum measured by a microphone with a pin-hole cap

(pin-hole microphone), to that measured with a quartz-type transducer of

the same diameter as the pin-hole. Their findings indicated that the

increase in the frequency content of the TBL wall pressure spectrum were,

in part, attributable to the hole and the small resonance cavity that existed

between the perforated cap and transducer diaphragm. Subsequent

Investigations of the TBL wall pressure spectrum have followed, together

with controversies centered on the parameters tnat best describe the

ultimate in transducer resolution and the scaling of the TBL wall pressure

spectrum.

Without the use of pin-hole type pressure transducers, Schewe (1983)

was the first investigator to obtain wall pressure fluctuation data for

d*<50. His lowest quoted value Is a d÷ of 19, and he states that his

measurements of the TBL wall pressure cpectrum are representative of a

true point measurement; that is, there should be no attenuation of the TBL

spectrum's high-frequency content. In this investigation, TBL wall

pressure spectra are obtained using a unique facility and data processing

technique. The transducer spatial resolution achieved is significantly

better than any previous investigation; a d+ of 2.1 is demonstrated.

ON,
1.2 Statelment of the Objective

The uniqueness of the TBL wall pressure measurements conducted in this

investigation lie in the fluid and the facility in which they were made. All
p ..4..•

S.. .".
.-.'.';
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data obtained in previous investigations were obtained in either water or

air. This investigation, however, uses glycerine as the working fluid.

Glycerine has a kinematic viscosity (u), at room temperature, of almost

1000 times that of water and roughly 50 times that of air. Because of this,

the smallest normalized transducer diameter (d*=2.1) to date has been

achieved. Therefore, the high-frequency spectral energy of the TBL can be

investigated by the acquisition and comparison of the spectral data at a d+

which is a factor of nine (9) smaller than that achieved in the Schewe

investigation. Also, the unique way in which the flow Reynolds number is

altered (viscosity is primarily the independent variable rather than the

mean flow velocity) allows for a better understanding of the scaling laws

that characterize the TBL wall prcssure spectrum.

Investigations involving single point mpasurements of the TBL wall

pressure spectra are often plagued with low-frequency facility noise. The

measurement technique used In this investigation minimizes these effects

while maintaining the integrity of the measured TBL pressure spectrum. In

addition, a measurement involving the coherence function between a set of

(co-planar) transducer difference signals is shown to validate the TBL wall

pressure spectra (especially at low frequencies).

1.3 SCODe of the Thesis

This chapter introduced some fundamental aspects of turbulence and the

basic types of noise associated with it. The problems to be addressed in

subsequent chapters were also described and the anticipated results
discussed. .,''

Chapter 2 concentrates on the techniques used to measure the turbulent

boundary layer (TBL) wall pressure fluctuations. This selected technique is
1-4

S.I

• ' C. d d.*

a,•,% . . - -",°•" ",q "% o"• % . %
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an improvement on a method previously used by Horne and Hansen (1981), in

which an axisymmetric, flush-mounted, pressure transducer array is used

to minimize the farfield acoustic effects in the TBL wall pressure

spectrum.

The types of pressure transducers used through this investigation are

described in Chapter 3. Also described is transducer calibration scheme.

The measured sensitivities and relative phase responses of the pressure

transducers are given.

Chapter 4 presents data on the measured TBL wall pressure spectrum at

a number of flow Reynolds numbers and compares these results, in

non-dimensional form, to those obtained by other investigators. Also

described are important scaling parameters that aid in the understanding of

the TBL wall pressure spectrum. This chapter concludes with a discussion

of the facility generated background noise.

v.%

gac

A.%

.0

-I..-- .

"".. . , \

'A=o* . .
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Chapter 2

MEASUREMENT TECHNIQUE AND ANALYSIS

2.1 lIntroduction

Measurements of turbulent boundary layer (TBL) pressure fluctuations

with flush (wall) mounted pressure sensors are frequently contaminated

with facility generated and vibrationally induced noise. A novel technique

described by Wambsganss (1979) utilized a two sensor arrangement that

discriminated between the propagating (facility) and nonpropagating (TBL) 0

pressure components in a fully, turbulent pipe flow. However, this early

technique involved uncertainties when combining various source (TBL)

terms.

Refined techniques were developed later by Wilson (1979), and

investigators Horne and Hansen (1981). Both of these techniques involved

an axisymmetric, three sensor configuration that resolved earlier

ambiguities and greatly improved the integrity (Wilson) and moreover, the

ease of acquiring data (Horne and Hansen). All of these methods however,

neglected the vibrationally induced pressure signal that can dominate the

output of flush-mounted pressure sensors (especially at low frequencies).
The following describes a more complete analysis and represents a further
refinement to the latest method of Home and Hansen. This new refinement

includes the effect of tunnel wall vibration and offers a correction, If

needed--due to vibrational effects--to the mejsured TBL pressure spectra.
bI

2.2 Array Descript1or.

Consider the flush-mounted array depicted below in Figure 2.1. The

outputs a(r 1 ., t), b(r 1 , e, t), c(ri , e Jt) define the time varying output

.?. ~.
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voltages of hgdrophones at locations 1, 2, and 3, respectfully. The

hydrophones are in direct communication with the TBL and the signals are

represented as a linear combination of various source terms (Equations 2.1,

2.2. and 2.3).

a(r 1 .e.t) = aAc(rle.t) + au-(r,.e,t) * atbl(rl,.e,t) * ae(rl.et) (2.1)

b(rl,e,t) bAc(rl .e,t) bu,(r1 ,et) +btbl(rl ,e,t) 0be(rI ,e,t) (2.2)

c(rl ,e,t) CAC(rl .e,t) * cu,(rI ,e.t) Ctl(r 1 ,e,t) + ce(rI ,e,t) (2.3)

Ser, t)i

c r(t)t

ub(t) (re.t)

Figure 2.1: Array and Sensor Locations. V%:

In the above equations subscripts Ac, U', tbl, and e, refer to individual

sources that describe the total signal measured at 1, 2, and 3 due to the

facility generated, vibrationally induced, TBL pressure fluctuations and

electronic noise, respectively. The outputs u'a(t). ub(t). and u'c(t) describe

the time varying vibrations measured by accelerometers located on the

tunnel wall near each respective hydrophone location. Finally, all outputs

are considered to be stationary, random processes of zero mean.

•.~. 4..

,. J;.

•"""""""" " " """ " """ " "'" "' """""'""""" '" " "-"."•'"." """'%""%;"•'•"""-"" ;"f "•,•"•'" ""'•"•"" b""'. "
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2.3 Model Assumptions and Considerations

The foremost, of the model assumptions is that all facility generated

noise propagates as plane wav2s, constant in amplitude and phase in any
plane perpendicular to the flow in the test section. If all major sources of

the acoustic or. propagating pressure field are located several diameters up

or downstream from the test section then--for frequencies below the

cutoff, ico (Appendix 2)--this foremost assumption should be valid. This

premise implies that by simply subtracting any pair of hydrophone outputs

(e.g. a(rI ,e,t) - b(rI ,9,t) ), virtually all acoustic or, propagating pressure .. JA

contributions can be eliminated. Also, if the primary objective is to
0% %

determine the spectrum of the TBL wall pressure fluctuations then the %

following restrictions on the measurement system apply:

I) All hydrcphones must have the same receiving

sensitivities

2) All hydrophones must be electronically matched .0

in phase

3) Hydrophone separation distances must be greater lop

than the maximum correlation length of the TBL .

pressure fluctuations (generally accepted to be on

the order of the boundary-layer thickness).

If either of the first two criteria are not true, then the acoustic or,

propagating component of the pressure field will not be effectively

cancelled. In addition, if item three is not met then an attenuation of the .. % .

local TBL-induced pressure signal will result. Therefore, all hyadrophones

are assumed matched in phase, equal in receiving sensitivity and their

% % S,•~9 '.4'o a' ,



separation distances are maximized to allow negligible attenuation in the

local TBL pressure fluctuation levels ( see Chapter 4 for further discussion

on correlation length scales). Summarizing the above concepts suggests

that the following source related terms are either correlated or,

uncorrelated:

I) Acoustic source terms are uncorrelated with TBL source

terms

2) TBL pressure fluctuations at a given location are

uncorrelated with those at Qot=r locations

3) Acoustic terms are f.u correlated between hydrophones

4) Electronic source terms are uncorrelated between hydrophones

and with all other non-electronic terms.

2.4 Analusis : The Finite Fourier Tralj.j. :"..:,

The Fourier transform of a nonperiodic function x(t) can be represented -,

as (note that the upper case lettering refers to the transformed quantity). '..L

@0

X(f) - F( x(t) f • x(t) e-2Trj ft dt. (2.4) "Z6

It is not possible to obtain data over an infinite record length, therefore

the Fourier transform of x(t) must be approximated by integrating over a

finite record of length T. For example, x(t) is approximated as,

x(t)z{xk(t)[H(t)-H(t-T)l} Okk<n (2.5)

N..:.., .'
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where, nT is the total record length of x(t). k is an individual record of

length T, and H(t) is the Heaviside Function defined as,

'4 H(t)M 0. for t < 0

H(t) 1. for t > 0.

Substituting Equation 2.5 into Equation 2.4 yields the finite Fourier

transform of the kth record of xk(t) ( x(t,k)),

X(f,T,k), F-x(Atk), k)[HMt-HUt-T) e'2njftdt

A xt, k) e-2n~ At-xt, k) e-2J~ dt ,.-.,

f JAxt, k) e-2TIJ~t dt. (2.6)
0 -

2.5 TBL SDectrum From Cross-Difference Signais

The finite Fourier transform of the difference signals between two

pairs of hydrophones is the autospectral density of the TBL pressure

fluctuations. This analysis is shown as follows. V:

"From Equation 2.6, the finite Fourier transform of the difference signals

between the hydrophone outputs at locations I and 2. and, 1 and 3 can be

constructed and, is represented by Equation 2.7. However, in Equation 2.7

the depenCency on the spatial coordinates r, and 0 have been suppressed for

convenience (i.e. the Fourier transform is evaluated where time is the

variable).
.,,.. ....

- . .* - ~" .'*,* .*
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T

[ A(j, Ta k) - B(j. T, k) I- J (1aAPt) * au.(t) + atbl(t) + ae(t)l

0
-[A~t) *bu,(t)+ btblkt ÷ e(t)]}e'2T~ dt.

(2.7)
and,

T

[ A(J, T, k) - C(J, T, k) ) J ([aAJt) + au,(t) + atb(t) W ae(t))

-(CA4t) +Cu.(t) + ctbl (t) + c,(t)]} e-2NTrft at.

(2.8)

In terms of their individual transformed quantities Equations 2.7 and 2.8

become, where the arguments have been suppressed for simplification.

DAB(f, T, k) A(, T, k) - B(f, T, Q I AM - Btb1 + AAc - BAc

AU,-Bu,+Ae - Be (2.7a)

and,

DA-C(I, T, k) A(f, T, k) - C(J, T, k) - Ari - Ctb+ AAc- CAc

SAu,- CU, Ae -Ce. (2.8a)

ii,
Appendix 1 shows that the autospectral density function, Gxx(J) and

cross-spectral density function Gx,(f) can be represented by the respective

- i -. '
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products of their Fourier transformed time functions x(t) and U(t).

Therefore, the cross-spectral density function between the Fourier

transformed difference signals (Equations 2.7a and 2.8b) is given by.

0A-B.A-6fJ) - 2liraE[(A -B)" (A - C)/T. (2.9) .
T-,o,

Expanding the terms inside the expectation operation of Equation 2.9 gives,

GABA_(1) lim I E ([AwtbI - Bwtbl + A"u- B A~ e - Bwel
T-4o*

T AtbI -Ctbl Au, - C Ae Ce]l.

(2.10)

In F "n 2.10 the expected value of all uncorrelated terms will tend to p.

zero so that, or
GABA_(): 2Tlim I (E[AwtbI Atbl I E[Awu, Au- - E(Awu, Cu-] + E(B"u- Cu,]

T-4oo
T -EIB~u, Au"] - E[Bwu, Au, + + E[A*u, AtbI] - E[A~u, CtbI

÷E[Bu.Ctbll - E[B~u, AtbI I + E[AM tbI Au-I - E[Atb! u
,.. P

+E[Bwtb, Cu'-- E[Bwtb, Au,] + E[AweAeI). (2,11)

Solving Equation 2.11 for the expected value of the turbulent boundary

lager pressure fluctuations at location i, and by combining similar

quantities it easily shown that,

Pdo

,p b*

-~ ' - U
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GAMbQ) =GA-B.A-) - 2 HMrn E( Au, - Bu, )"( Au, - Cu,)] / T

T-4oo

- 2 lir E((Au' - Bu,)*(Atbl - Ctbl)] / T
T-*oo

- 2 rim E[( AtbI -BtbI)w(Au, - Cu,)] / T - GAe(J).

T-.oo
(2.12)

2.6 Analusis of V~brationallu Induced Terms

Suppose that a hydrophone's output, g(t) is due only to its local

acceleration, u'(t). Then with all extraneous noise absent, the hydrophone's

output can be modeled as an "ideal., single input/output system, as

depicted in Figure 2.2.

u'(t),U'(f)-------h •('), X(f), y(t), Y(j)

Figure 2.2: Ideal Single Input/Single Output System.

For this ideal single Input/output system y(t) is given by the

convolution of the impulse response function, h(z) with the system input

u'(t) or, using the Fourier transform,

Y(J) H() U'(J). (2,13)

I ,q
bu



16

where the upper case lettering refers to the usual Fourier transformed

quantities. From Equation 2.13 it follows that,

Y*(J) = H(J) U'*(J)

Y*(f) Y(f) = H*(f) H(f) U'"(f) U'(f) (2.14)

and, i
U'"(f) Y(J) = H(J) U'"(J) U'(J). (2.15)

Multiplying Equations 2.14 and 2.15 by 2/T, letting T tend to infinity, and ,.,'.:

taking the expected values give the usual spectral relationships,

GUy(f) = H(f) 2 Gu,u.(f) (2.16)

Gu.y(f) = H(f) Gu~u'(f). (2.17)

Clearly, H(Q) is a complex function and for convenience will be

represented as,

H(j) I H(J) 12 e-je(I)(

where,

e(f) = tan-,[ lm{ Gxy(f) / Re{ Gxg(f) 11.

Using these and previous results, the tr3nsfer functions between the local]j, ..
measured accelerations (u'a(t). U'b(t), u'c(t)) and the respective

hydrophone's vibrational outputs can be constructed and are given by the

following spectral relationships,

#,'.

A~
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HA()= Auo(f)/ U'A(J) (2.18a)

HB()= Bu'(f)/ U'B() (2.18b)

HC(J) = Cu,()/ U'C(). (2.18c)

In practice, these transfer functions are measured under a no-flow

condition (all non-vibrational source terms are forced to zero) using some U
form of mechanical excitation. Solving Equations 2.18 (where frequency

variables have been suppressed) for their vibrational outputs result in,

Aul, (f)= U" HA (2.19a)

Bu,(f) = U' HB (2.19b)

Cu,(f) = U" HC (2.19c)

Substituting Equations 2.19 into Equation 2.12 yields,

G.Arbl (f) z GAB,A-CM )

-21im E[(U"AHA-U"BHB)W(U"AHA-U'CHC)I/T

T-too

- 2 lim ER (Atbi-Btbl)" (U"A HA - U"C HC) 0 / T - Gb(j).

T-oo

(2.21)

-U-'

'~ %~'4w1Ih%~4 'p.% ~ 'r r~' ~ i~ . .~J .1.1..=



In the above equation, terms that involve the turbulent boundary layer

pressure fluctuations are not directly measurable; however, there exists

quantities that involve these source terms which can be measured. By

substituting,

Atbl (fTk) - CtbI (fT.k) = A - C - (Au, - Cu') - (Ae- Ce)

and,
Atbl (fTk) - BtbI (f,Tk) = A - B - (Au' - Bu,) - (Ae - Be).

into Equation 2.21, we find,

GAtbl W G-.-f
+ 2 lira E( U'A HA- U'B HB)" (U'A HA -U'C HC)J

T--,o "
T

- 21im 1 E[(U"AHA-U"BHB)W(A-C)]
T-*o RIP

T

-2 rm 1 El (A- B) (U'AHA- U'C HC) " GA().
T-*c "-,•

T (2.22)

If the measured complex transfer functions In the above equation are

not equal in magnitude, and phase over the desired frequency range (e.g.

HA!HB=HC) then all expected value terms in Equation 2.22 must be expanded

to yield the desired measurable, spectral quantities. Expanding Equation

2.22, and taking the limit of individual terms as T tends to infinity will

then yield the following expression for the TBL pressure fluctuations in

terms of other measurable spectral quantities, ,/

'p•% % **% . V *.% .j :.. .. '..o. ..-.
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GAtbI(J) GA-BA-C - H*A GU'AA 4 H"A GU'AC

*H"B GU-BA - HwB GU-BC - HA GAJ'A

+HC GAjjc- + HA GBU'A - HCGBUC

• IHAI GUAU'A - HWA HCGU-AU-C

- H*B HA GUBU'A * H"B HC GUBUC - GAe. (2.23)

However, if the complex transfer functions are equal in magnitude and

phase (HAeHB=HczH) for all frequencies of Interest then, Equation 2.22

reduces to,

GAN(Q) = GA.BAC - GAe - H" GUA.U'BA.C '

- H GA_. U-AUC " H r GU,A.U-B. U-A.U,C. (2.24)

2.7 Fstimation of Vibrational Soectral Quantities

It is possible to gain insight into the relative magnitude of the

vibrationallg related terms In Equation 2.24 without actually measuring

them. Consider the system model shown in Figure 2.3.

In this model y(t) represents the output due to the difference between

two hydrophone signals. and n(t) Is that part of U(t) due to the difference

between TBL source terms only. Finally. x(t) represents the signal due the

difference between the respective nydrophone's accelerometers outputs.

The true, uncontaminated vibrational difference signal output, v(t) of

the two hydrophones is therefore obtained by the convolution of h('c) with

x(t). All electronic source terms are assumed negligible in this model.

4-*.

4. '=..

a-:

zi. .e
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n(t) -atbi- btb1

lt= l- Ub -,1(T). HU W) ylt)= a - b

Figure 2.3: Vibrational Noise Model

From Figure 2.3 it Is clear that,

Gyy (f) = GNN() GVV(J)

Gvv(f) I H(J) I' Gxx(f)
0xy(f) H() Gxx(P.

The ordinary coherence function between x(t) and U(t) Is defined as,

i W (f) 2
2. *z,2y(J) = _I

GXCf) Gyy(f) ,..-..

From the above relationships It follows directly that, - -,
0,, ';-

xyf)2 2

GVV(f): = GXX(f) :'Xy(f) Gyy(J).
G2xx(f) _

The above equation Is termed the coherent output power (COP) spectrum

between W(t) and x(t) and, represents the power spectrum of v(t) with the

iA..--
* *.r *
, o-*•

4, 5 . . . .,.. V **4 . -. :

,dL,49•@~ #",4 lr *t~e- re#'ie ' "i -r ••, .**t C Q. ./ €- .* 5-, . - -* *, .. , .*,. •"• ", "t .,• "." . *,
;-w.i,)-'•,..-.r..o.- ,",, .,m-.-• ,,- '. •". , ,. * ", /. . " .'. * '. ,.'5 . '5,._<-" ' *," -. . , ", -* .-.- , " ." '."v'"", ," ''- .
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linear effects of n(t) removed. Therefore, if the COP spectrum of y(t) is

much less than the autospectrum of y(t) (G yy (Q)), the dominant source term

is n(t) or. that part of U(t) due to the TBL pressure fluctuations. In other

words, If the ordinary coherence function between x(t) and y(t) is much less

than unity, the output y(t) is dominated by the local TBL pressure

fluctuations and all vibrational terms in Equations 2.24 and 2.25 may be

neglected. If this is true, then Equation 2.24 reduces to,

Gtbl(I) =A-B,A-C(J) - G,%(f). (2.25)

This equation for Gtbl(J) represents the true turbulent boundary lager wall

pressure spectrum with all extraneous noise removed. The electronic noise

spectrum, I 7 Is easily determined by a direct measurement of the output

at sensor a, with the facility off and Is usually negligible.

2.8 Cross-SDeCtral Measurements: Acnustir and Vibratoru Noise

Measuring the cross-spectral density fun'tion between any two

hydrophones will yield only those noise sources that are correlated

between the two points of measurement. In other words, the local TBL.

pressure fluctuations will be conditioned out of the cross-spectrum

assuming the measurement points are not in close proximity. For example,

consider the cross-spectrum between hydrophone signals a and b,

GAB() - 2 lir I E[ (AtbI AAc + AU, Ae)* (Bt * BAc BU, e)

T (2,27)
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Expanding the expectation operation and keeping only non-zero terms gives,

GAB(J)- 2 Tim 1 (E(A*tbl 3U'J + E[A*u-Bt] + E(A*u- Bu']

T * E(A*ACBAC] + EIA*Ac BU,] + E[A*U'BAcJ).

(2.28)

Recalling that.

Atbl(f) U A AU,- Ae - AAc

Btbl(J - B - BU, - Be - BA.

Substituting these expressions Into Equation 2.28 and collecting like terms

yields the following expression,

GAB(f)- 2 1rn I ( E[A*Bu-]J E[A*u,B] - E[A*-Bu,] 4 E[A*AcBAc1.
T-#oo-

T (2,28)I

From Equation 2.19 the above equation reduces to. (.8

GAO{) HB GMjjB + H*A GUIAB - H"A HB GUAUB A (2.30) I Z

The fourth term on the right hand side (R.H.S.) of Equation 2.30

represents the true propagating acoustic pressure field and propagates as

plane waves throughout the test section (i.e. constant in magnitude and OW

phase). All other terms on the R.H.S. of Equation 2.30 represent a %.,%

pseudo-acoustic field due to the local wall and/or transducer vibrations.

~~a'.r ~ ~ ~ 4 % ..- v r vd
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2.9 Estimation of Vibrational Terms

Again. using an analysis that is similar to the one used previously, it is

possible to determine the relative magnitude of the vibrational

contamination present in the cross-spectrum of sensors, a and b (without

measuring the transfer functions HA(1) and Hg(J)). Consider the model

shown in the Figure 2.4. %,:

~ .-"•L

n(t) 8 tbl(t) W'_ -

u'alt) Etf),, H(J l) Ilt =W 8t) '.:•

Figure 2.4: Vibrational Noise Model.

In Figure 2.4. y(t) represents the output from a sioopJ hydrophone, n(t)

is part of y(t) due to the local TBL pressure fluctuations, v(t) is the

hydrophone's vibrationally induced output ano U'a(t) Is the corresponding

accelerometer's vibrational output. The electronic noise source term is

neglected. Measuring the coherent output power (COP) spectrum between

y(t) and u'(t) will then determine the amount of vibrational contamination %

present in y(t). If the COP spectrum is much less (<10dB) than the -

autospectrum of y(t), all vibrational terms in Equation 2.30 can be

neglected. If this is true then Equation 2.31 will reduce to,

GAB(P) G GAcoustic (2.31)

AA'8-.

The above equation represents all facility generated noise that propagates

as plane acoustic waves in the test section.
-.AL

¢ ./o =,

• - -3

- ~ .~ * ~# *p~% 4#~4P?.... .-
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Chapter 3

PRESSURE SENSORS AND CALIBRATION TECHNIQUES

3.1 Inrocio

In Chapter 2 a measurement technique was developed that describes now

an axisymmetric. pressure sensor array can discriminate between the

propagating (acoustic) and nonpropagating (turbulent boundary layer, TBL)

pressure fluctuations in a fully developed, turbulent pipe flow. However, a

prerequisite and critical aspect of this measurement technique Is that 1)

the phase difference between pressure sensors, and 2) the receiving

sensitivities of each sensor match. Moreover, the facility in which the TBL

pressure measurements are to be made uses glycerine as the working fluid.

Therefore, possible differences between water and glycerine hydrophone

sensitivities may exist and is investigated.

This chapter describes the type of pressure sensors used and also, the

calibration schemes employed in clarifying the above sensor requirements.

3.2 Pressure Sensor DescriDtion

In order to minimize possible phase and sensitivity differences between

pressure sensors, high quality, resistive-type sensors from the ENDEVCO

Corporation wer2 chosen. Resistive-type sensors have a purely real input

impedance and should theoretically introduce no phase delays in the output

signal. Also, high quality pressure sensors should have a flat frequency __

response (to first resonance) and more importantly, the sensitivities

should vary little from sensor to sensor. Another aspect of the pressure

sensors that was mentioned in Chapter I was that the sensor's facial

diameter has to be small, in relation to the smallest size of the TBL

S,.' o
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pressure producing eddies. If the sensor's diameter is large, then local,

spatial averaging of the pressure producing eddies will result producing a

mean output voltage that approaches zero (see Figure 3.1).

It (',. :::;::-

61(it) > 0 •.
e,(t)uO .

Figure 3.1: TBL Pressure Fluctuations and Sensor Size.

jTherefore, subminiature pressure sensors with a casing diameter of 1.57 ..

millimeters (mam) were selected (ENDEVCO, Model Number 8514-10). It .... ,....-

should be noted however, that the active sensing elements of each .,..,

transducer are much smaller. Galib and Zandina (1984) have used these';-'

types of transducers for TBL wall pressure measurements and have .'-•.

conc~luded (through testing) that the active area is probably as small as 0.5'"""

scale output or 300 mY. Also, each sensor can withstand transient inputs .•|,, I

of 6.8944x105 N/rn2 without damage and outputs remain line~ar for '-,il

pressures up to three (3) times the full scale (F.S.) output. Due to the harsh

thermal environment that exists in the Glycerine Tunnel, each transducer .•]

"0'4

00

e ,ao "N

, %
Figure 3e.

.o- ° ;•

Therefore,~~~~~ ~ ~ ~ ~ ~ ~ sumnitr..esuesnsr.wt csngdaetrof15
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was thermally compensated for temperatures between -17.70 and 93.3*C.

Each sensor was specially ordered with a double coating of "Parylene C," (a

factory sealant) that provided more than adequate sealing. The transducers
consist of a zero balanced, four-active-arm, strain gage bridge, diffused i

into a molded silicon diaphragm (see Figure 3.2). Thermal compensation
resistors (RI, R2) and the complete bridge circuit are all housed in the "

same nickel-iron alloy case. Powering the transducers with a 10 volt DC !_ .

source is recommended; however, appreciable shift in output sensitivity is :-

not observed at even half the recommended supply voltage (see Figure 3.3). ,. i .g.,-

+In

R1

Out... ...

-Out - -.

R 3  K 4
R 2,

-In
+ Out _

.'..•.. ..

Figure 3.2: Schematic Diagram of the 4-Arm Bridge of the Sensors. -,-

The power supply requirement was fulfilled with eight 1.25-volt.

dry-cell, rechargeable nickel-cadmium batteries (10-volt total supply). A

major advantage of batteries over commercial DC power supplies is the

"dg.,
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*12

4 ai 12 %o~2 Vdc
-I2 Input

-22

Figure 3.3: Typical Transducer Sensitivity Shift (mV/Pa/Input Volt)
Due to Varying Supply Voltage.

elimination of all 60 cycle related noise. The current needed to power each

sensor was small (6mA/sensor), enabling the powering of all three sensors

simultaneously. The power supply unit was tested and found capable of

supplying the required input voltage for up to seven (7) hours of continuous

operation without recharging (Figure 3.4). Factory supplied free-field

pressure sensitivities for each sensor and other typical performance

specifications are given below in Tables 3.1 and 3.2 (note that all factory

specifications are with a 10-volt supply). Shown in Figure 3.5 are the

physical dimensions of a typical, 8514-10 unit. A removable screen that

consists of eleven extremely small slots protects the silicon diagram from

undesired impacts and is not shown. However, the transducer properties

and performance are uneffected by the screen's presence.
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S12
o Recommended Supply Input

'10

>

tn 0 I 2 3 4 5 6 7 O ,8.
Time. Hours J

Figure 3.4: Input Supply Voltage Versus Time Under Full Loading
(All Three Sensors).

Table 3.1: Endevco Factory Nominal Sensitivities of Transducers with
a 1O-Volt Excitation.

Sensor Modell Sensltivlty dO, re 1V/j#Pa
Number ,__ _ _

KW45 - 227.

KW35 - 227.9

KW30 - 228.6

4o

-Vl.'
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Table 3.2: Endevco Typical Specifications, Series 8514 Transducer
with a 10-Volt Power Supply.

Performance 8514-10
Range 0 - 6.8944 x 104 N/m2

Resonance Frequency 140,000 Hertz
Lirearitg @ FSO ± 0.5 % of FSO
Linearity @ 3 x FSO ± 1.0 % of FSO
Hysteresis 0.1 % of FSO
Zero Shift @ 3 x overrange 0.1 %
Zero Shift w/ temperature ± 3 % of FSO @ max. rated
ref. 23.9 * C temp.
Sensitivity Shift w/ temp. t 4 % FSO @ max. rated temp.

ref. 23.9 * C
Warm up Time 15 seconds
Acceleration Sensitivity: 1,

Lateral 0.4137 N/m2 /g
Longitudinal 1 0342 N/m2 /g

Burst Pressure:
Burst Differential . 6.8944 x 0 N/mr2

12.7 mm Casing

Vent Tube ,5.Omm.D. -.. 1.57 mm-

Lead Wires .11.43 mm
--11.43 mm

Figure 3.5: Physical Dimensions of Subminiature Transducers.

im.
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3.3 Calibration and Phase Measurement Techniaues

Considerable attention was given to the various methods of transducer

calibration. However, for reasons of simplicity, reliability and relative

accuracy, the "comparison calibration," method that utilized a known

standard transducer was employed. The setsitivity of an unknown

transducer is found by subjecting both the unknown and the standard to the

I incident pressure field and recording the output voltages 'of each unit

at various frequencies (J). Then, the sensitivity of the unknown (Munknown)

transducer is computed from,

Vunknown(f)

runknown(i) z istandard(l) 3.1

V)Vstandardql)

Phase calibration imposed an additional restriction on the calibration

device. In order to keep the phase or the incident pressure wave at the

face of each sensor the same, a plane wave sound field is needed. This was

accomplished by utilizing a thick-walled, glass tube as the calibrator. For

a cylindrical, rigid-walled tube, the cutoff frequency for plane, axially

symmetric wave propagation can be obtained and is shown in Appendix 2

to be,

ico- 0.293 c / R. (3.2)

In the above equation, c represents the sound speed of the calibration

medium and R, the radius of the tube. In the case of the 5.08 centimeter

(I.D.) tube used for these calibrations a corresponding cutoff frequency
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wa3 computed. If water filled, the cutoff frequency of the tube is 17,000

Hertz and, 22,800 Hertz if glycerine filled. These frequencies represent an

upper limit to which calibrations and moreover, phase data are accurate.

3.3.1 Calibration Tube Assemblu

The calibration tube and assemblies (Figure 3.6) were vertically

positioned and a piezo-ceramic source (projector) placed and sealed into

the lower end of the tube. A large, cylindrical shaped transducer was

chosen as the source. Its facial diameter was 4.76 centimeters (cm) and

had a length of 3.81 cm. Although the transmitting response of the source

transducer was not critical because a comparison calibration method was

used, the received signal from the source was always at least 10 dB above

the background noise level ( i.e. noise present at receiver with source off).

The opposite end of the tube was customized to accommodate either all

three small area transducers or, the standard LC-10 hydroplione.
The small area transducers were all housed in a single assembly unit and

were circumferentially placed 120-degrees apart. This assembly was

placed in the far end of the calibration tube and rested on a vibration

isolating o-ring. The LC-10 hydrophone had a similar assembly and could

also be positioned in the far end of the tube. Both assemblies, when

installed were located 10 feet from the source.

3.3.2 Water Versus Glucgrine Calibration Mediums

Comparison calibration techniques reference all measurements to the

or.ginal calibration medium of the standard. Therefore, because the

standard (LC-l0) used in these calibrations was (factory) calibrated in
water, the calibration results of 8514-10 transducers would--regardless

A .
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Figure 3 6 Calibration~ Tube and Transducer Assemblies * ....
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of calibration medium--be referenced to water. Since the characteristic

acoustic impedances between water and glycerine (PCwater/ PCglycerine

0.592) differ, possible discrepancies in calibrations involving these two

mediums were considered.

Air and water methods of transducer calibration will yteld the same

results at audio frequencies if:

I) the transducer's radiation Impedance can be neglected and.

2) the transducer is small 'enough compared to the acoustic

wavelength of the medium so that diffraction effectsI can be neglected.

The above criteria suggest that if kavl, where k is the acoustic

wavenumber and a, the transducer radius then, the transducer's sensitivitg

should be independent of the calibration medium.

To test this, the output voltage of a 8514-10 transducer was recorded

(with a white noise source input) when the calibration tube when filled

* with both, water and then, glycerine mediums. Results shown in the above

Figure 3.7. suggests no difference in calibration will occur over the

specified frequency range If water, rather than glycerine were used as the

calibration medium. Therefore, because of Its relative handling ease water

was chosen as the calibration fluid.

%46

MIMI



34

.110dB

i00 000 1i0000
Frequency, Hertz

Figure 3.7: Water and Glycerlrv Transducer Output Voltage Versus
Frequency.

3.4 Data Acguis!tion and Reduiction

Calibration and phase data were needed over a broad range of

frequencies (0 to 10 kHz). This was accomplished by using broad-band

noise as Input to the source. In this way, a quick method of calibration

over the desired frequency range was possible using FFT processing.

The output of a General Radio random noise generator was amplif led and

used to drive the source transducer. This input was monitored on a dual

channel Spectral Dynamics 360 spectral analyzer (SD360) and was flat over

the frequency range of interest (Figure 3.8). Outputs from the hydrophones

(small area and LC-10) were individually, bandpassed filtered and amplified

via a Brookdeal, differential filter/amplifier. Half power points of the

highpass and lowpass filters were set at 1 and 10,000 Hertz, respectfully.

These outputs, were then processed orn the 5D360 spectral analyzer. All

analyzer data was averaged 512 times over a frequency range of 0 to

10,000 Hertz.

Kas -



35

10

I I I I -I I I I I I11, _000
0 Frequency, Hertz

Figure 3.8: Source Input Voltage Spectrum.

This frequency range of calibration set the corresponding bandwidth of

the Harming, analysis window to 20 Hertz. After processing, all data were

sent to the ARL/VAX 782 computer for reduction. Figure 3.9 depicts the Ci.

data acquisition system employed throughout the calibrations.

Sensitivities of the small area transducers were obtained by recording

their output voltages. Then, for the same source input, the small area

transducers (8514-10) were replaced with the standard LC-10 and its

output voltage was recorded. These data were then processed on the VAX

computer according to equation 3.1, yielding the desired sensitivities.

The phase relationships between the small area transducers were

calculated directly by the SD360. That is, the phase differences were

obtained by measuring the cross-spectral density function (GAOJ)) between

two pressure sensors. The phase difference (PAB()) was then calculated

from,

.- .-.'
. ' .4.':..,
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IM GAB(f) I

RE[ GAOj) I
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Pre-amp

Filter 7 Wit

SD 360 Spectral
A.LVAX+ý Analyzer

Figure 3.9: Data Acquisition System and Tube Calibrator.

Phase differences were then plotted on the SD360's analog plotter for all

three cross-spectral combinations of the small area transducers.

3.5 esult
The measured sensitivities or the small area transducers are shown as a

function of frequency in Figures 3.10, 3.11 and 3.12. Due to the relatively

flat frequency response in the measured sensitivities of all three pressure

sensors, averaged values are given. These averaged values of the small area

transducers are all within 0.5 dB of the factory supplied calibrations,

M ,
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Shown in Figures 3.13. 3.14 and 3.15 are the measured phase differences

between the small area transducers. All plots, for the frequency range

specified show a negligible (phase) shift in the received signal between

paired sensor outputs.

3.6 Crcuin

The techniques employed in measuring the sensitivities and phase

relationships of the small area transducers provided an excelent way to

check the factory specifications and theoretical considerations. The

measured sensitivities between sensors varied only, 0.5 dB over the

frequency range of calibration and phase differences between the sensor

outputs were insignificant. Overall, the sensors proved to be quality z,

devices and meet all of the requirements for the measurement of turbulent Ve4,.-,

boundary layer wall pressure fluctuations.

A plane wave environment was achieved by utilizing a tube as a

calibration device. The calibrator proved that accurate free-field

calibrations and phase measurements are possible over a wide frequency

range (0 to 10kHz) without the traditional use of anechoic chambers.

Also, because of the tube's small volumetric size, transducer

calibration is easily performed in any number of test mediums (e.g. water,

oil, air, etc.). Variations in transducer sensitivity due to different

calibration mediums can be investigated, and accounted for by simply

measuring and comparing the output voltage of the transducer when

immersed in both mediums. The sensitivity of the transducer in the new

calibration medium (medium 2) is given simply by the following

relationship,

• •S . % %
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Vmedium 2 (J)

Mmedium2 () Ilmediumi (1) x
Vmedium1 (J)

Although no differences in sensitivity between water and glycerine

calibration mediums were observed for the small area transducers used in

this investigation, larger transducers may produce different results

because of possible changes in impedance characteristics.

INI
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Figure 3.10: Measured Sensitivity of Sensor KW45, Average -227.6 Ob.
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Figure 3.13: Measured Phase Difference between Sensors KW45 and KW35.
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Chapter 4 I

THE GLYCERINE TUNNEL AND WALL PRESSURE MEASUREMENTS

4.1 rUctio
This chapter describes the facility in which the turbulent boundary lager

(TBL) wall pressure fluctuation measurements were made. These include

measurements of key parameters that help characterize the TBL wall

pressure spectrum. This involved measuring the mean flow velocity (U) and

wall shear stress (trw) as functions of glycerine temperature. Also.

because empirical formulae exist for calculating the wall shear stress,

theoretical and measured values of this parameter are compared.

This chapter also describes how the TBL wall pressure spectrum is

influenced by the Reynolds Number of the flow. Reynolds Number, is a

parameter that characterizes all types of viscous flows (internal and

external) and is a ratio of a fluid's inertial to viscous forces. Turbulent

flow at the centerlire of a pipe is predominantly influenced by the fluid's

inertia. Moving radially outward from the centerline, viscous lorces

become more influential until, at the wall the flow velocity becomes zero.

The Glycerine tunnel is a un-que facility in that the Reynolds Number (ReD=

UD/u) is varied by changing the fluid's viscosity (o) rather than the mean

flow velocity. The viscosity of the glycerine is very temperature sensitive

(see Figure 4.1) and therefore, controlled by the fluid's temperature.

Because of this, the TBL wall pressure spectrum can be measured over a

wide range of Reynolds numbers while maintaining an almost constant mean

flow velocity. This provides a novel means for investigating the scaling of

the TBL wall pressure spectra in terms of inner (viscous) variables. For

example. the viscosity (instead or the mean flow velocity) in this case

N

U.-



43

Ln.
00

AftA
ini

N E

N %

N 00

IT CD,

cc. 0
V).

o E
- M -

saoSla ,! sooslf

Jr - r F-.l* ~



44

represents the independent variable which in turn affects rw, u.r, and the

normalized viscous time scale fu (- f /u,).

Verification of one of the model's foremost assumptions namely, that

the TBL ,)essure fluctuations are uncorrelated between sensors is showrL

This vastly improves the data integrity, especially at very low frequencies

(< 10 Hertz), and indirectly proves that the other TBL measurement

assumptions, described in Chapter 2, are correct.

Measurement of the acoustic background noise in the facility was

investigated as part of an assessment of the adequacy of the glycerine

tunnel for future low-wavenumber, wall pressure spectra research. This I
noise is shown to be very intense for the facility in its current

configuration. However, the extreme power of the measurement technique

in its ability to extract the desired TBL pressure spectrum in the presence

of this severe, contaminating acoustic noise, was demonstrated. Causes of

the major noise sources is considered, along with their possible solutions.

Finally, a few suggestions of possible new areas of research are

proposed.

4.2 The Experimental FacilitUi

The experimental facility (Figure 4.2) is a closed circuit tunnel that

uses glycerine as the working fluid. The glycerine employed in the facility _

is commercially available and in this investigation tested to 96.5% purity.

The test section is 7.6 meters (24.9 feet) long and has a diameter of

284.5 millimeters (11.2 inches). The test section is also honed to a '.

16-rms microinch finish so that all pertinent smooth pipe formulae apply.

Fluid (glycerine) is circulated by a 75 kilowatt constant speed (900 rpm),

centrifugal pump, located in the downstream leg of the test facility.

,,.. ,w
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The laminar/turbulent transition location of the boundary layer is fixed at

the entrance to the test section by a trip ring. Fluid exiting the nozzle

section of the facility encounters an abrupt increase in cross-sectional

area thus, tripping the flow into turbulence at the test section entrance.

The onset of turbulence and the location of the transition zone were

Investigated experimentally by Bakewell (1965). Bakewells results

indicated that, for pipe diameter Reynolds numbers abo)ve 8000, fully%

developed turbulent flow exists throughout the length of the test section.

Reynolds numbers are varied by controlling the temperature of the
, Ni

glycerine. Cooling is accomplished through a large, reverse flow, heat

exchanger located in a separate leg, just downstream of the test section.

Heated fluid is discharged into the heat exchanger and after cooling,

recirculated into the main flow of the facility. Constant flow A

temperatures can then be maintained by systematically controlling the

cooling water flow rate in the heat exchanger. Tunnel temperatures are

monitored by a digital thermometer, that is located in the diffuser section

of the tunnel.

The tunnel is covered with a single, 4-inch wrap of fiberglass insulation

(tunnel test section has 8 inches). Bakewell investigated the thermal

gradient that exists normal to the flow in the test section. He found that

the temperature gradient was minimized with the above specified

insulation thicknesses. Therefore, a uniform temperature profile is

assumed throughout the tunnel test section.

Because glycerine is an extremely viscous fluid, small air bubbles tend

to become suspended in the fluid during the tunnel filling operation. To

alleviate this problem, consecutive cycling of the tunnel over a period of

three (3) days was required. The subsequent drop in the viscosity of the .1

fluid with heating allows all entrapped air bubbles to escape through the

.. '
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low, and high pressure observation domes of the facility. This is then

verified by visually observing the glycerine (during tunnel operation)

through the translucent domes.

4.2.1 Tunnel Mean Velocitu

The mean flow velocity (U) was obtained as a function of glycerine

temperature by measuring the static pressure drop (PI-P 2) across the

nozzle section of the tunnel (Figure 4.3) for various glycerine

temperatures. The Glycerine tunnel is configured with small, static I,

pressure taps that begin at the settling section and proceed in 0.3048

meter increments along the entire length of the test section. Two, small

lengths of capillary tubing were attached to two of these taps (PI and P2 ).
and the respective high (PI) and low pressure (P 2 ) sides of a 15 PSI, Bell

and Howell differential transducer. The transducer was calibrated as a

Settling Section

Test Section

P1

Figure 4.3: Static Pressure Measurement Locations of Mean Flow Velocity,

with Nozzle Contraction Ratio of 16:1.

'i
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function of output voltage versus constant, input pressure differentials and

is shown below In Figure 4.4.

The mean flow velocity was then determined by combining Bernoulli's

equation with the conservation of mass law. This yielded the following

relationship between the square of the average velocity and the pressure

differential (PI-P 2 ). In the following equation, A, and A2 are the

respective cross-sectional areas at pressure locations P1 and P2 (see

previous Figure 4.3),

U2 U2= 2(PI -P2) :
u2 = 2  pi-A/~ 2 ~ (4.1) •

2 1 - (A2/AI )2 ]
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Figure 4.4: 15-PSi, Differential Pressure Transducer Calibration. IV_

Due to the large contraction ratio (16:1) of the tunnel nozzle, the square

of the area ratio (1:256) in the denominator of Equation 4.1 can be ignored.
%V %

*.,,

• ' " • • •l~l '•r ' •lt"l'"l 'l-•'r, -"lwlt-~i~'i . ,.l1 l~lll



I4

From this, Equation 4.1 reduces to,

2 2
U 2 2 (Pi -P 2 )" (4.2)

p

The calculated mean flow velocity versus glycerine temperature Is plotted

below (Figure 4.5) for glycerine temperatures ranging from 350C to 46.10C.

2!7.5-"

E

70

35 4O 45 50
Temperature, C

Figure 4.5: Tunnel Velocity Versus Glycerine Temperature.

4.2.2 Wall Shear Stress Mgasurements

The wall shear stress was measured at the same glycerine temperature

(Reynolds number) as that used by Bakewell and also, at a number of other

temperatures. This was accomplished by measuring the static pressure

drop that occurred between two points along the wall of the test section. '4 -'

The wall shear stress is then obtained from the following relationship

(Schlichting (1979)),

AP D

£2w. (4.3)
4L



so

In Equation 4.3, D is the pipe diameter, and AP the pressure difference

measured between two points separated by a distance, L along the pipe

wall. The static pressure drop was obtained from two pressure taps

located 5.7, and 7.3 meters downstream from the nozzle entrance.

Flexible, hypodermic tubing was attached to the high and low pressure

fittings of a 5-PSI, Bell and Howell differential pressure transducer and to

the respective tunnel, pressure taps. The pressure differential (P1 -P2 )

was then recorded while varying the tunnel temperature. Values of the

measured wall shear stress were then calculated from Equation 4.3 and are

compared to the theoretical wall shear stress values in Figure 4.6. 'bf

Theoretical values were obtained from the previously measured average

flow velocities and the following relationship for -rwall (Schlicihting),

J1 4  114 -1/4
t:w = 0.03955 p U D..,

Both theoretical and measured values are shown as a function of glycerine

temperature and are in reasonable agreement.

----. Theory
h- Current (1985)

X Bakewell (1965)
S210-

Z
. 200 A

3: -

190'-

35 40 5 50
Temperature, ° C

Figure 4.6: Wall Shear Stress Versus Glycerine Temperature.
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Calibration of the Bell and Howell 5-P51 transducer was also done and is

shown as a function of millivolt output, for constant pressure differential

input in Figure 4.7. As with the 15-PSI transducer, an excellent linear

relationship between output voltage and pressure differential input was

observed.

25-

20-

U1 z 5.33x +3.33

o 10 "

5-

0 ,..

0 2 &PSI 4 6

Figure 4.7: 5-PSI, Differential Transducer Calibration Results.

4.2.3 TBL Measurement Arrau and Data Acauisition Sustem

The measurement array consisted of three Endevco, model number

8514-10. pressure transducers (described in Chapter 3) and also, three

Enoevco brand, piezo-electric accelerometers (nominal sensitivities of 45

mV/g). The array was located approximately 7.5 meters downstream from

the entrance to the test section, in the fully developed, turbulent flow _,

region of the pipe.

The transducers were mounted in individual cylindrical, plug-type .

assemblies. These assemblies were inserted into accommodating sleeves

located along the tunnel wall and separated circumferentially by

•*jj. "o.

.-. , ,?'



52

120-degrees. The sleeves were equipped with gate valves, allowing the
removal of the plugs without draining the tunnel. Alignment bolts were
also positioned on the outer portion of each sleeve assembly to allow

proper alignment of each plug with the inner tunnel wall. However, due to

excessive play (=l cm) in the bolt mechanism proper, flush alignment of

the plug with the inner tunnel wall could only be achieved through tactile

verification. The pressure transducers were sealed into the face of each

plug assembly with RTV sealant and were in direct communication with the a
flow. Accelerometers, were used to measure the local vibrations of each

plug subassembly and were mounted on the back of the subassembly of each

transducer (see Figure 4.8).

Pressure Sensor
RTV Sealant

/TransducerI
O-Ring Subassembly

B Accelerometer

K.

- --Air 4

Figure 4.8: Cross-sectional View of Plug Assembly.

'-4

The 10-volt power supply used in the calibration of the transducers was

also used in the actual tests. Also, the same cables and preamplifiers
wrwere used to ensure that all calibration results remained unchanged.-,
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All voltage signals--transducer and accelerometer--were filtered and

amplified on Brookdeal Differential Amplifiers before processing on a

Spectral Dynamics (SD) 375 real-time spectral analyzer. The half power

points of the high and lowpass filters were set at 1 Hertz and 1000 Hertz,

respectfully. The SD 375's analysis bandwidth was set by the maximum

frequency of analysis. For example, the SD 375 analyzer stores and

displays 400 bins of information; this sets the bandwidth of analysis at,

B.W. Imax / 400.

Throughout this investigation a Hanning (cos 2) analysis window was used

because of its characteristic side lobe suppression (18 dB/octave) and

relatively narrow main lobe bandwidth. Various types of spectra were ,,. *,

chosen from a selection menu on the SD 375 and after analyzing, were

either sent to a hard copy digital plotter or, to the ARL/VAX 782 computer

via a standard IEEE data bus.

4.3 TBL Wall Pressure Sectra

Before the TBL pressure fluctuations were measured an estimation of

the vibrational contamination, present in the difference signals was

obtained. This estimate was acquired by measuring the coherent output -

power (COP) spectrum between the difference signal of two pressure

sensors and, the difference signal of their corresponding accelerometer -.

outputs. As pointed out in Chapter 2. if the COP spectrum is significantly ,",

less than the autospectrum of the pressure difference signal then all

vibrationally induced pressure terms can be ignored. Figure 4.9 shows a .. .,

typical plot of the autospectrum of a pressure difference signal and the
.%, . ."

•'. =
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corresponding COP spectrum, As Figure 4.9 indicates, all vibrationally

induced pressure terms are essentially removed in the difference signal.

This implies that the power spectrum of the TBL wall pressure fluctuations

is given simply by the cross-spectrum between two, pressure uifference

signals (electronic noise source terms included). For example,

GAtbl(Q) GA-B.A.C + GA.

The turbulent boundary layer (TBL) wall pressure spectra were obtained

is a function of glycerine temperature by the method outlined previously in

Chapter 2. Measurement of the electronic noise spectrum was found to be _

insignificant (70 dB down) so that.

GArbI(Q) :GA-B.A-C.

Difference signals were obtained from the Brookdeal Differential

Amplifiers and the corresponding cross-spectral density functions were

obtained from the SD 375 spectral analyzer. Figure 4.10 shows the TBL

pressure spectrum for various glycerine temperatures where 256

consecutive ensemble averages were taken. These results indicate that as

the temperature of the flow increases, the frequency content of the wall

pressure spectrum also increases. However, the peak levels of the power

spectra for the various glycerine temperatures remain essentially constant,

Independent of Reynolds number. An explanation of this observation can be

attributed to changes in the viscosity of the fluid that occurred over the"..Q. "y

temperature range tested. At the lower tunnel (glycerine) temperatures,

the small-scale eddies that produce the higher frequency content of the TBL %--0d

% e.%



56

T0

00

0

0 02.C2 0C

?7--
.0.



57

pressure spectrum are more easily damped by the fluid's higher viscosity.

As the temoerature increases the viscosity decreases thereby allowing

more of the smaller scale eddies to exist which in turn, generate higher

frequency energy. This premise is further substantiated by Figures 4.11

and 4.12. Both of these plots show previously used non-dimensionalizing

methods for characterizing the TBL wall pressure spectra in various test

mediums--air, water and glycerine.

Figure 4.11 suggests that the amplitude of the TBL pressure spectrum

scales with the inner flow parameter tw. and outer flow parameters, U and O.,-.-

pipe diameter, D. The frequency. J is scaled in the usual Strouhal fashion

where the length scale is taken as the pipe diameter and velocity as U.

Figure 4.12, scales the frequency in a similar fashion where S is D/2.

However, the amplitude of the pressure fluctuations is scaled entirely on

outer flow parameters p, U and D. Although reasonable data collapse is .A_ :'z.
not achieved in either scaling case, an interesting result can be noted. As

the viscosity (u) of the medium is reduced, an increase in the frequency

content of the TBL pressure spectrum is observed. That is, water having

the smallest kinematic viscosity of the three mediums shown, also has th,

highest frequency content of the TBL pressure spectrum. Glycerine on the

other hand, has the lowest frequency content of the TBL pressure spectrum

and as expected, the highest viscosity. Also, both figures suggest that the

scaling of the amplitude of the TBL pressure fluctuations is not critical.

That is, both methods of amplitude scaling produce similar results.

However. it is considerably more understandable to scale the amplitude of

the pressure fluctuations with tw, since this parameter describes the

physics of the flow locally, at the transducer location. In general, it is

expected that the proper way to scale the TBL wall pressure
s; .......;....
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.-..**-..%



58

-; --- ----.. -,

LM
MI

SCA
21 /yf 

Ui

NI.C

S- - 2

__ LL

a In . 1)9 6 Iol
%.z-



59

ci'

mwA

0~~

LM.

C7fl

c '

CMI

LmL

(%%

A -r



60

spectra (both magnitude and frequency) is entirely with inner wall

variables, taking due account of the resolution imposed by the finite size

of the measurement transducer.

In many previous investigations, the major parameter used to II
characterize the transducer resolution has beern diSK. Where d, represents

the hydrophone diameter and 6", the displacement thickness. Schloemer

(1966) recognized, as early as 1966, that a 'small" transducer must be

small relative to the viscous scale, or 'wall unit- (/u..), where u.- is the

friction velocity. This idea was later expanded upon by Fabula in the work

published by Patrick(1977) in 1977. Willmarth (1975) also points out the

importance of this form of scaling, that was later used extensively by

Schewe (1983). Fabula contended that the d/'* method of normalization

fails to describe the fundamental characteristics of turbulent boundary

lager flow. Fabula argued that the ultimate transducer resolution is more

correctly attained by a maximum value of urd/h (= d+) rather than d/'*. In

other words, d' is a transducer resolution parameter that is based on inner

boundary layer similarity considerations, while d/60 is appropriate for a

transducer resolution parameter based on the outer boundary layer (lower

frequencies). In fully developed turbulent pipe flow V, is fixed at roughly

1/7 th the pipe radius. From this it is possible to see that even if d/S"

equals a constant, d* can vary considerably over a given Reynolds number

range which, varies (with d/S' fixed) from medium to medium. The

parameter, da can be thought of as a quantity that relates the transducer '

size to the height of the viscous sublayer region in the turbulent boundary

layer (y*=yut/ur55). Fabula proposed that the ultimate in transducer

resolution is achieved when u.rd/-o <_ 10. However, Schewe (1983) states

complete resolution of the essential structure of the turbulent pressure
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fluctuations with a measured value of d* =19. Values of this parameter

for data obtained in the current investigation ranged from 2.1 <_ucd/ouS

4.4. Therefore, these data provide the best spatial resolution of the TBL

wall pressure fluctuations measured to date: they represent a true "point"

measurement. (It should be noted that the transducer's casing diameter

was used in the normalization and the actual value of dc is most likely

smaller by a factor of 3, Galib and Zandina (1984)).

Inner wall scaling requires that the frequency be non-dimensionalized by

the viscous time scale. Therefore, the frequency of the wall pressure

spectrum is now scaled as fh/u-j 2. Figure 4.13, while using the same

amplitude scaling as in Figure 4.11 uses the inner flow, frequency scaling.

This figure clearly shows the dramatic effect transducer size has on the

measured spectra. As d' decreases, more high-frequency (small-scale)

information is detected by the transducer.

For completeness, Blake's(1970) and Schewe's (1983)data, obtained for

turbulent latLQiate flow, is compared to the data obtained in the Glycerine

tunnel in Figure 4.14. In this figure, the pressure amplitude and frequency

are scaled entirely on inner flow parameters. Although internal pipe flows
dif fer f rom external f lat plate f lows f or a number of reasons; the physical •:

causes of the pressure fluctuations should be similar. Therefore,

heuristically speaking, if the parameters that characterize the pressure

fluctuations are explicitly known then direct comparisons of the resulting

TBL pressure fluctuations for different flow geometries is somewhat

rR justified. At values of d+>20 (Blake) spatial filtering of the TBL pressure

fluctuations is apparently occurring because of the observed attenuation of

the high-frequency spectral energy. For values of d+ < 20. the present data

and those of Schewe agree quite well: attenuation of the high-frequency
X

Z1
-w ':-•-.
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content of the TBL pressure fluctuations is virtually non-existent.

Schewe's contention, that the complete resolution of the TBL pressure

fluctuations exists when d*5 119 is therefore substantiated by the
agreement observed between the two sets of data. It appears that no

further increase in transducer resolution is expected for values of d*

smaller than 20. This confirms that transducer resolution depends
primarily on values of ucd/h and not on d/S*. Scaling the wall pressure
spectra in the manner used in Figure 4.14 allows the direct comparison of

various types of flow geometries; for example, pipe and flat plate flows.

It also suggests that the wall pressure fluctuations are mainly controlled

by the physics of the flow in the inner wall region.

The r.m.s. value of the TBL pressure fluctuations is obtained by

integrating the wall pressure spectrum over all frequencies and represents

a measure of the intensity of the process. Figure 4.15 illustrates the

dependence of the r.m.s. pressure on 4 . Here, ,:. r.m.s. pressure is

non-dimensionalized by the dynamic head, qo.

Corcos (1963) proposed a correction to account for the finite size

measurement transducer (see Appendix 4). This correction is a function of

the non-dimensional frequency, (OR/Uc and is applied directly to the

spectral magnitude of the TBL pressure fluctuations. From measurements

of the wavenumber-frequency response of a circular pressure sensor,

virtually no correction is needed for values of wR/Uc<l.O. From this

result and those from Appendix 4, no correction should be needed for any of

the measurements reported here for the Glycerine tunnel where,

,, maxR/Uc=O. 6 ((max was taken as the 50 dB down point in TBL wall
Spressure spectrum). In Table 4.1, both corrected, and uncorrected values

of the r.m.s. pressure for Schewe's data is presented and compared to those
**U{
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Schewe (1983) *
0.010 Glycerine Tunnel (1985) Iq 46
0. 0 0 5  -

0 10O0 200 300 400 %'"

d +

Figure 4.15: Dependence of the Normalized r.m.s. Value of the Wall%

Pressure Fluctuations upon the Normalized Transducer "Diameter. e

PrmsI q

Investigator d Measured Corrected

Schewe 19 0.0098 0.0105

Current 2.1 0.0106 0.0106

Current 4.4 0.0107 0.0107

Table 4.1: Comparison of the Measured and Corrected 'aI

Normalized Wall Pressure r.m.s. Levels.

,4 . , - . - - - -- - , , . " , . . " . • .

S... ,•...... ....... .. .. • ~ *, 4e,• ,,,,•• ,•i • .•,. , • •,•. ., ... ,.,,, . ,•, r.• • • . •
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measured in the Glycerine tunnel. As indicated, the r.m.s. value of the wall

pressure fluctuations is well resolved and equal to 0.0107 q4w.

4.4 Correlation of thg TBL in the Cross-Difference Spectrum

The hypothesis that the TBL pressure fluctuations were uncorrelated

between pressure sensors is a major assumption of the TBL measurement

technique described in Chapter 2. This model assumption may not be

entirely valid at very low frequencies and, if not, may actually attenuate

the low-frequency part of the TBL wall pressure spectrum. A relatively

simple analysis can be performed to show that if the above assumption ist
fully valid then the value of the coherence function between any pair of

(pressure sensors) difference signal outputs should equal 0.25 over the

frequency range of validity. Moreover, this analysis also shows that the

vibration-induced and acoustical pressure components are removed in the

subtraction of any two pressure sensor signals.

To start, assume that the instantaneous pressure sensor outputs are -,.-,

represented as a(t), b(t) and c(t). Also, assume that all acoustic and N.

vibrationally induced pressure signals are entirely cancelled when any two ,..
•j-, ., ._

pressure sensor outputs are subtracted. Then using the same notation as

in Chapter 2. the Fourier transformed quantities between pressure

difference signals, a(t) - b(t) and a(t) - c(t) can be represented as,

A(f) - B(f) Atbl(i) Btbl(f)

and

A(f) - C(f) - Atbl(P) - Ctbl(J).

.-',-, ..\ ,"i~",,• = • -- •.' -%. . % •,.• '.% %•% •_ •% "l .', ', " .',- '.=".=" =.j"j'•,• =-="'=l ', =o=.•=•,j•.=,__°',,• ',=...,_ _.• t•. = " " '.% '
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The coherence function between thle difference signals, AQf) - B(f) and, A(f)

-C(J) is therefore given by (where the tbl subscripts are suppressed),

I Gxy 12 IG A-BA-.C 12
2 ~(4.4)

xu
Gxx y GAB GA.C

In terms or expected values Equation 4.4 can be rewritten as,

2~~ E[(A-B)*(A-C) 1j2(.5

Expanding the expectation operations yields,

IE!A*A] - E[A*C) - E[B*A) E[B'C1 2
( 4.6) .{

xy-
(EIAWA] - EtB*AI - E[A*Bi E[B*BI) (E[AWAl - E[C*AI - E(AWC1 E[C*CI)

Assuming that the turbulent boundary layer (TBL) pressure fluctuations are W-

unoreae between measuring points, any expected value involving two

differnt quantities will tend to zero. For example,

E[AWB1 E[BWO1 =... 0.

% %~
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Equation 4.6 will then reduce to,

E[A"AIEIA*Al ,•';•Xg - - .(4.7),,

(E[AA1 + E[B*B])(E[A"A1 E[C*Cl) --

Also, because the flow is axisymmetrical, the autospectra of the turbulent

boundary layer pressure fluctuations will be the same at locations a, b and -
;'..". • .

c. This implies that (recall that the "tbl" subscript is suppressed),

E[eAAl : E(B'BI E[C'CI.

i.. . ,t

Equation 4.7 then reduces to,

E[A"AIE[A"A]
Wxl2 .0.25 (4.8)

(ETA" Al EtA" Al)(E[A" A E[A* AD 1)VP

,%,.

From this analysis it can be stated that if

1) the difference signal effectively removes all acoustic and

vibrationally induced pressure signals, 9nd

2) the pressure sensor separation distance is large enough to

permit the TBL pressure fluctuations to remain uncorrelated

between pressure sensors then,

,* V.. . *

,* * .* P .*.*.* & **., • o.. o .' . ., , o*. .o, . ' '. o °



the value of the coherence function between any pair of difference signals

should equal 0.25. A simple measurement will therefore either prove or,

disprove the validity of the TBL measurement assumptions.

A typical measurement of the coherence function between two pairs of

difference sio . is shown in Figure 4.16 where 256 spectral averages
were taken. At very low frequencies (< 10 Hertz) the coherence function is

essentially 0.25 implying that all vibrational and acoustic components of %.
the pressure field are cancelled thereby, leaving only the TBL pressure '

fluctuations. As the frequency of the coherence function increases above

20 Hertz. deviations from 0.25 begin to appear. These deviations are most -.

likely due to the increasing loss of the coherent structure in the
vibrationally induced pressure field and, not in the propagating acoustic A,'-:

field because the (duct) cutoff frequency for axially plane wave propagation

Is approximately 4100 Hertz. This means that all acoustic noise should
remain perfectly correlated between pressure sensors for frequencies as
high as 4100 Hertz. The effect of the vibration contamination is most

prevalent at lower tunnel temperatures and, for frequencies above 200

Hertz, as shown in Figure 4.16. These vibrational effects appear as

spectral peaks and valleys in the TBL pressure spectra (see Fiqure 4.10), but

only represent a small fraction of the total spectral energy.
Another way of determining how well the TBL pressure spectrum was

measured is by comparing tMe power spectrum of a difference signal to

cross-difference spectrum. From previous relationships it is easily shown

* . '

I.:..,.

GA-0(J) 2 lim ( E(Atbl- Blbl)"(AtbI-B tbl)/I A T 2 Gtbl(.)
T-* oo

I.2 . 4

I I I -
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and from Chapter 2,

GA-B.AC(f) Gtbl (I.

Therefore, the power spectrum of a difference signal should be 3 dB above

the cross-difference spectrum (GTBL). Typically, Figure 4.17 shows these •-.'• -

two power spectra. As expected, the power spectrum of the difference

signal A(J)-B(f), is nominally 3 dB above that of the TBL spectrum over the

entire frequency range shown.

The above analyses and their results are significant in that, vibration

contamination usually causes considerable errors in the measurement of

the TBL wall pressure spectrum at very low frequencies and has generally

made accurate conventional measurements (using single pressure

transducers) of these types Impossible (Willmarth (1975)). However. TBL

wall pressure measurements that involve transducer difference signals can

not only remove significant amounts of acoustic and vibratory noise from

the TBL wall pressure spectrum (Section 4.5), but also, provide a direct

way to check the Integrity of the data acquired (especially at very low
frequencies). Data integrity of the TBL wall pressure spectrum can now be ;,.-,

established with a measurement of the coherence function between •'.,,

difference signal pairs. This measurement will equal 0.25 for the precise

measurement of the TBL wall pressure spectrum. It should be noted, that

this difference signal approach to measure the TBL wall pressure spectrum

Is not limited to axisymmetric flows; this type of measurement technique

will work as long as the transducer array is positioned normal to the mean

flow fle!d. These measurement techniques are the preferred way to _

measure the TBL wall pressure spectrum. •. *.

*.% . 45•
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4.5 "unnel Background Noise

At the onset of this experimental investigation it was hoped that the

noise associated with the tunnel operation would be many orders of

magnitude below that created by the TBL wall pressure fluctuations. ,N,.,

Because measurements of the low-wavenumber content of the TBL have get

to be performed with any degree certainty, it was an early goal of this -:. "

investigation to qualify the glycerine tunnel for such measurements.

Unfortunately, instead of qualifying the Glycerine tunnel as a candidate for
AA

future low-wavenumber research, measurements of the acoustic and

vibrational noise spectra have indicated that these two sources dominate

the output of all flush-mounted pressure sensors. Figures 4.18, and 4.19

show three different power spectra measured in the glycerine tunnel, at

temperatures of 350 and 46.10 C. Both plots indicate typical results of the

TBL pressure spectrum (Gtbi), the acoustic or, cross-spectrum (GAB) and,

the power spectrum measured by a single transducer (GAA). These

results--at both teWnperature extremes--clearly indicate the power of the

cross-difference TBL measurement technique and the high-level noise

present in the facility. Over most of its frequency range, the TBL pressure

spectrum is 10 to 15 dB below that of the acoustic (and single transducer

spectrum) noise spectrum, and at 46.10 C, as much as 30 dB below.

Figures 4.20, 4.21, 4.22, and 4.23 depict the corresponding phase angles

of the TBL pressure spectrum and the acoustic noise spectrum at glycerine
temperatures of 35 and 46.10 C, respectfully. All phase plots of the TBL
pressure fluctuations show essentially zero phase shi,•t for frequencie. up

to 150 Hertz. At higher frequencies (>150 Hertz) and especially for

glycerine temperatures of 350C, large deviations from zero occur in the *.. ,

phase of the TBL spectrum.

'-'.,,,'
/**° ,' *
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These deviations at this lower tunnel temperature account for the more

ragged appearance of the TBL pressure spectrum (Figure 4.10) at

frequencies above 150 Hertz. (These deviations were earlier postulated as

being related to the loss of the coherent structure in the vibrationally

induced pressure field between transducers for frequencies above 150

Hertz.) The plots illustrating the measured phase difference between

pressure sensors (Figures 4.21 and 4.23) show that the relative phase

difference between pressure sensors is insignificant. This further

substantiates that all acoustic noise in the facility propagates as plane

waves, constant in phase and amplitude in any plane perpendicular to the ,..

flow of the test section for frequencies below 1000 Hertz. -'. .

Figure 4.24 shows the COP spectrum between the output of single

transducer and its corresponding acceleration. Chapter 2 described how

this particular spectrum represents the vibrational contamination present -,

in the autospectrum of a single transducer. Although this measurement

indicates a cause of possible contamination it does not indicate the source.

That is, the COP spectrum does not show whether the noise source is

entirely structure borne or, fluid/structure coupled. However, Figure 4.24

does show that vibrational effects dominate the high-frequency part of the

autospectrum of a single transducer and that acoustical, fluid-borne noise

contributes to most of GAAW() below 150 Hertz.

Although not investigated in detail, it is speculated that a major source

of noise--both acoustic and vibrational--is due to the tunnel's,
pump/motor coupling and the pump. Excessive floor vibration can be felt at -

the initial start-up of the facility and during tunnel operation.

Measurements of the motor and pump shaft misalignment were made and , ,,•e ,

found to be quite excessive. An improved flexible coupling for the facility

e% $% .



I-L

96 too

vi--

= .4-. 4d



82

has been designed and subsequent measurements of the COP spectrum and

transducer cross-spectrum should be repeated after the new coupling is ..

installed. This relatively easy implementation should reduce tunnel

vibrational (and acoustic) noise levels significantly. Other quieting

measures are also under investigation at this writing. .- "'

4.6 Conclusions arid Areas of Future Research

The techniques employed in measuring and validating the TBL wall

pressure spectra were of primary importance in this study. Without these

novel signal-processing techniques, the ability to measure the wall .. -

pressure spectrum accurately, with conventional single point

measurements, would have proved futile due to the excessive facility

background noise.,' ,

Wall pressure spectra obtained for both pipe and flat plate flows have .. ,

been compared with remarkable agreement. From these comparisons and

selected scaling, the characteristic features of the wall pressure spectrum

have been identified. That is, the inner flow parameters rw. and Ur; along

with the viscosity (W) of the fluid can be used to consistently characterize

the TBL wall pressure fluctuations and their frequency content for both " ...

internal and external flows. .*,.' :4.,'

Due to the large viscous sublayer present in the glycerine turbulent .

boundary layer, the value of the normalized transducer diameter (d*) ranged

from 2.1 to 4.4, depending on the fluid bulk temperature. These are the

smallest values or d÷ ever reported. From these results, a critical .

uppermost limit on the value of d* has been validated, namely, d"< 20 as j as

speculated by previous investigators. This value of da represents an upper ." -

limit for which proper resolution of the high-frequency content of the TBL

pressure fluctuations can be achieved. . ,

U.'." ?..',
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A simple measurement of the coherence function between difference

signals has validated all the TBL pressure fluctuation measurement

assumptions previously outlined in Chapter 2. From these results,

measurement of the very low-frequency content (<10 Hertz) of the TBL

wall pressure spectrum was obtained. The coherence function

measurement, also provides a simple means to test the integrity of the TBL

wall pressure spectrum (i.e. removal of vibration and acoustic noise),.,_

especially at very low frequencies.

An area of possible future research for the glycerine tunnel may include
-.....- •. .

velocity and pressure correlation measurements. Because the wall .

pressure fluctuations are related to the fluctuating velocity field and,

because the viscous sublayer is quite thick, detailed measurements of these

types are possible. They would provide additional information on coherent

structures including bursting frequencies and the scaling of these

frequencies. A major issue in the study of coherent structures in turbulent

boundary layers has been the scaling of the bursting frequency. This

controversy centers about transducer spatial resolution. It has been shown

that (conservative) d+ values as small as 2.1 can be obtained in the -.. •,..-,-. :,-.

glycerine tunnel, which would therefore make the glycerine tunn,?l a likely

candidate to resolve this controversy.

Ir
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APPENDIX I

SPECTRAL DENSITY VIA THE FINITE FOURIER TRANSFORM

The two sided spectral density functions Sxx(f), and Sxy(f) are by

definition, the Fourier transform of their auto and cross-correlation

functions Rxx(r'), and Rxu(tC). However. they can also be represented as the

expected value of their Fourier transformed time functions x(t) and y(t).

Before proceeding with this proof a few fundamental definitions will be

given.

A random process can be described as an ensemble of a real-valued time

function and is denoted as (xk(t)) where, -co < t < 0. The function, xk(t) is

defined as the kth event of an entire ensemble in which N events occur or

are observed. In practice, N is a statistically large finite number and is

usually large enough to approximate infinity. The mean values of the

stationary random processes (xk(t)} and (Nk(t)}, are described as:

xJ= E[xk(t)] f x(t) p(x) dx

-00

-00

where p(x) and p(y) are the probability density functions of x(t) and y(t),

respectfully. For arbitrary fixed t and r:, let:

Rxy.(z) =E[xk(t) Xk(t + Z:)l

e:.. ..

4D,. -1
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Ryy(t') E[yk(t) yk(t +

Rwg(-r) =E[Xk(t) Yk(t + r:)].-[• .

Now, consider the kth sample records xk(t) and Uk(t) of stationary random
processes {xk(t)) and Lek(t)). Let,' "

Sxy(f.T.k) Xk*(f,T) Yk(f,T)/T (A.1) A--

where, 0 S tU T and,

Xk(j,T) J xjk(t)e-nt(,2)-•-!'•-

T e

Yk(J,T) f Yket) (A.2.D)0

The above integral equations represent the finite Fourier transform of the

records xk(t) and Uk(t), respectfully. We now wish to show that,

Sxy(j) = lim E[ Sxy(f,T,k) I / T.
T-+co

Substituting Equations A.2 into Equation A.1 and changing variables to q'.4., •

avoid confusion results in.

d4f
." 1*.w=,
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T T

Sxy(J,T,k) t/T f f x( k(Z-) e-j21lI( -2) d, d&t.,. (A .3)

0 0

Now, let z z (-t and d'= d= so the range of integration changes from (,)

to ( Equation Al.3 now becomes,

0 T

S% (f.T.k) fJ T / f xk(&) YkCýz') dý e-j21Tf r dv

-TT T T-r:

"+ ['/T f Xk(• ) Yk(ýt) d& I -j2Trft a. (AI)
0 0

Taking the expected value of both sides of Equation AI.4 and recalling that

the definition of the cross-correlation function is,

Rxy(t) E[xk(t) Uk(t + t)]

Equation AI.4 becomes.

0 T

E[Sxy(f.T.k)A J= [ /T JRxy(Z) d. I e-J 2 Tf ad't

-T -

T T-,r

J[/T JRxy(•)ldI eIj2Tjd.dv

7- NI. - , i

o o•

• •~A °. .•.%
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T

.J ( - iZt / T) RxU(r) e'j2"rr t dr. (Al.5)

-T

Taking the limit as T tends to infinity of Equation AI.5 results in the

fol lowing expression,

oo"

rim E[Sx(fTJk)] f J Rxy(t) e-j2Trfjt dr. (AI.6)
T-.oo -00

But from the definition of Sxy(J.T.k). Equation Al.6 becomes,

CO

SXY(j) = lim E(Xkm(JT) Yk(OT)/TI - RX(t) e'J 2 1"rf' dr. (AI.7)
T-,co .0,

The above expression is the desired result for the cross-spectral density 0

function. The other auto spectral density functions of x(t) and y(t) follow

directly and are given by,

00

sxx(r) lim E[Xk"('J,T) Xk(f,T)/T1- fRx(r)e- 2 "'1J d2T (AI.8)
T-°oo -00

00

S z lim E[Yk (fT) Yk(JT)/T = eJ2T dr. (Al.9)..'
T-ooo -00

A_ A A4
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From the above results the single-sided auto arnd cross-spectral density

flunct ions are,

00

X =Q 2 1Jim E[Xk*(jT) Xk(I,T)/Tl 2 fRx()ej1j - AO
T-~oo -0

Gucin for th lim itn case(fj okfT)T 2T. y -~~fc

p;D p.,.
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APPENDIX 2

SOUND PROPAGATION IN CIRCULAR TUBES

The general wave equation in cylindrical coordinates is given as,

82¢t I8, I 82 82t, I 82t
-+ - -+ 2- + - = - - (A2.1)

8r 2  r 8r 8r 2 8Bz• 2  c 8t 2

In the above expression r.,f, and z are the usual spatial coordinates, t is the

time variable and c, the sound speed of the medium. Solutions to Equation

A2.1 will be of the form,

S=R(r) Z(z) 4,(f) T(t). (A2.2)

Substituting equation A2.2 into Equation A2.1 and using separation of

variables; the wave equation for the radial dependency is given as,

I 82R I OR-R +- + kr 2 - m2/r 2 = 0. (A2.3)

R8r2  rR 8r

In the eb:ve expression kr, and m are separation constants. The standing

wave solution to Equation A2.3 is given in terms of Bessel functions and

Neumann functions of order m. such that;

R(r)= AJm(kr r) B Nm( kr r). (A2.4)

where A and B are constants. For wave propagation in a cylinder of outer

radius a, the solution must be defined at r=0, therefore 8 must be

.b . V. ,-
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identically equal to 0. For a tube with rigid walls the velocity is zero at

rza. Therefore, the roots of Equation A2.4 are computed from (where ?'mju

kra).

8 Jm(kr r) Ir= kr Jm' (mu) 2 0. (A2.5)

8r

Table A2.1 shows the first few roots of Equation A2.5.

Table A21: Roots of Jm'(umo)

m U=0 U=1 u=2 u=3

0 0 3.83 7.02 10.17

1 1.84 5.33 8.54 11.71

2 3.05 6.71 9.97 13.71

3 4.20 8.02 11.35 14.59

For frequencies below the lowest non-zero mode (0,1) of propagation, only

axial plane waves can propagate in the tube. Therefore, an expression for

this lowest cutoff mode canl be written as,

Zf0 = w'O a / c = 1.84

where c, is the sound speed of the fluid and w is the radian frequency. In

terms of the lowest cutoff frequency, the above expression can be written

as,

U.,, *

: -;-
I-"411



J1O 'CO "0.293 c/a. g%

The above expression represents the uppermost frequency for which plane

axial wave propagation exists in a rigid-walled tube. Higher order modes

represent non-axial wave propagation and are excited at the tube

termination or. from disturbances in the tube.

kt. j,"LI. •
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APPENDIX 3

RANDOM AND BIAS ERRORS IN THE CROSS-DIFFERENCE SIGNAL SPECTRUM

Essentially two types of errors occur in the analysis of random data.

These types of errors are normally termed the 'random* and 'bias* errors

of measurement.

Bias errors (Eb) are independent of the data under analysis and result ,
from the number of ways that data is analyzed and processed. For instance,
data tapering, a process that involves various types of data weighting, has

a number of errors associated with it. A major type of one of these errors

(in the measured data) is due to the bandwidth associated with the analysis

window. That is. the amplitude of a harmonic estimate is biased due to the %*, *l

broad-band noise included in the bandwidth of the analysis window's major '

lobe. Side lobes--associated with most types of analysis windows--also

allow spectral leakage to "spill over' into the major lobe and can account '

for significant errors in tihe harmonic estimate if large amounts of higher

frequency energy is present. These types of errors result in an constant

increase (bias) in the true spectrum that would otherwise be observed if

the analysis window ,had infinite resolution (i.e. zero bandwidth main lobe

with no side lobes).

Random errors (Er) occur because averaging operations must occur over

a finite extent or, for a limited sample size. The random scatter in the

measured values that results from the finite sampling time are then

referred to as "random* error.
Bendat and Piersol (1980) ýave derived various formulae that describe

the bias and random errors inherent in the auto and cross-spectral density ,

estimates and for the coherence function. These errors are tabulated

below in Table A3.1.

O.
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Table A3.1: Estimation Errors in the Mleasured Spectral Density Functions. ;.R.

Estimated Bias Error, Random Error,

Function Eb fr

Autospectrum, -1/3 (Be/Br) 2  I/ nd

h x f)..-* -;

Cross-spectrum, -1/3 (B/r)2 Q)1 n,.

Coherence, Undefined 12 '1 - W2xy I Ind

•.J

In the above table Be and Br refer to the spectral resolution and half

power point bandwidths, respectfully and nd is the number of spectral

averages taken.

For data acquired in the glycerine tunnel random errors in the estimate

of the cross-difference signal spectrum (Gtbl) are approximately on the

order of 12% or, 1.1 dB. The corresponding bia error due to the 2.5 Hertz X

analysis bandwidth (Be) is negligible if the turbulent boundary layer
pressure spectrum is approximated as band-limited white noise (i*e. Br in

this case will be the bandwidth of the data). The random error associated , 4.-.

with the coherence function of the (pressure) transducer difference signals

is estimated at 13% or, 1.2 dB. The bias error associated with a typical

IL*

'* .o°%_

, -: ,•. -4 ' ,
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autospectrum measured by a single transducer is difficult to estimate due

to the sharp peaks th, occur in spectrum (i.e. hard to define Br). However,

the random error a, .)ciated with the autospectrum's 256 spectral averages

is on the order of 6% or, 0.5 dB. Random errors associated with the

cross-spectral (acoustic) measurements of two pressure sensors are not

known, because a corresponding coherence function measurement was not

taken. However, these random errors are not expected to be any greater

than those associated with other spectral measurements and are at most

between 10 to 12%.
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APPENDIX 4

CORCOS' CORRECTIONS TO THE ESTIMATED TBL WALL PRESSURE SPECTRUM

Corcos (1963) proposed various correction factors, due to the

attenuation of the high-frequency content of the turbulent boundary layer

pressure spectrum (TBL) caused by its measurement with a finite-sized

sensor. These correction are based on the similarity parameter wa/Uc in

which a is the transducer radius and Uc, the convection velocity of the

pressure producing eddies. The following summarizes Corcos' results for a

circular pressure sensor.

Table A4.1: Attenuation Factors for a Round Transducer.

wa/Uc f m/, 101og(§ m/) 0

0.05 0.9651 -0.15
0.10 0.9313 -0.31
0.15 0.8996 -0.46
0.20 0.8698 -0.61
0.30 0.8123 -0.90

40.40 0.7585 -1.20
0.50 0.7069 -1.50

0.60 0.6573 -1.82
0.70 0.6094 -2.15
0.80 0.5632 -2.49
0.90 0.5186 -2.85
1.00 0.4758 -3.23

In the above table fm is the measured TBL wall pressure spectrum with a E
transducer of radius a and, 4. is the true spectrum, measured by a point

transducer.

i1..4
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The frequency range of the TBL wall pressure spectrum measured in the

glycerine tunnel was from I Hz, to 800 Hz (50 dB down point). This range, -

corresponded to normalized transducer radii (wa/Uc) of 7.9xlO-4 to, 0.63.

From these values and the corresponding corrections given in Table A4.1.

corrections to the TBI wall pressure spectrum are for the most part less

than ldB and therefore insignificant, considering the accuracy of

measurement. In closing, if the true parameter describing the high

frequency resolution of the TBL wall pressure spectrum is d*(= u.cd/). as

Chapter 4 suggests, then, the above corrections based on the similarity

parameter oa/Uc should not apply.
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